Visible light communications (VLC) is an emerging wireless communication technology that can serve high speed data rates by using existing lighting infrastructure without congesting the radio spectrum. This paper studies the effect of various multi-element VLC transmitter and receiver configurations on the link quality. With this purpose, the signal-tointerference-plus-noise-ratio (SINR) distribution is investigated via extensive simulations considering a multipath environment with different transceiver configurations and diversity combining techniques. Additionally, we propose a beam steering technique using the piezo-electric based tilting of LEDs to improve the SINR, which tilts the LEDs with piezoelectric actuators towards the location of the receiver. Simulation results show that significant gains can be obtained on SINR performance by using optimized transceiver configurations and diversity combining at the receiver. Moreover, even with small titling angles at the transmitter, up to 12 dB SINR gain is obtained using beam steering.
INTRODUCTION
Visible light communications (VLC) is a complementary technology to radio frequency (RF) communications, which can potentially improve the data throughput for next generation wireless networks while simultaneously providing illumination. With VLC technology, light sources, particularly LEDs, can be used to transmit digital data by modulating the intensity of the light. A major advantage of VLC is that the performance of VLC systems is not affected by RF interference as the frequency of the visible light is significantly This work is supported in part by NSF CNS awards 1422354 and 1422062, ARO DURIP award W911NF-14-1-0531, and NASA NV Space Consortium.
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In the literature, transmitter and receiver architectures with multiple LEDs are proposed for improving the link quality of VLC networks. In [4] , it is claimed that installing single LEDs with short distance increases the installation cost, since all the transmitters are needed to be individually installed on the ceilings and connected to electricity and network. Alternatively, a multi-element angle-diversity transmitter, where multiple LEDs are placed to same access point (AP), is proposed in order to reduce the cable and circuitry costs while providing ease of installation and maintenance. As a disadvantage, it is shown that these transmitters yield significantly lower signal-to-interferenceplus-noise-ratio (SINR) than single-element VLC transmitters. In [5] , an LED partitioning algorithm is proposed to increase the SINR of multi-element transmitters. In [2, 6] , it is demonstrated that multi-element transmitters provide highly accurate direction estimation as they provide better angular resolution with highly directive LEDs.
When multiple photo detectors (PDs) are employed at the receiver, the link quality can be significantly improved with diversity combining techniques [7] [8] [9] [10] . For example, in [10] , four different receiver combining schemes are studied, and it is shown that link quality performance can be enhanced by capturing the correlations of the received signal strengths at different PDs. However, to the best of our knowledge, there has not been a study that investigates the performance of multi-element receivers and combining techniques with angle diversity transmitters. Another way of improving the signal quality is the beam steering and beam tracking. In [11] , an inexpensive solution, which utilizes piezoelectric actuators to tilt the LEDs, is proposed for steering the beams. Again, to the best of our knowledge, there has been no study that investigates the achievable gains with beam steering for VLC networks.
In this paper, we consider the deployment of a fixed number of LEDs within a room, using 1) a single-LED transmitter architecture, and 2) a 7-LED multi-element angle diversity transmitter architecture. We investigate their per-formances under fair conditions, and with different receiver structures. We propose multi-element receivers as a solution to the low SINR problem of multi-element transmitters, and investigate optimum parameters and combining schemes for closing the "SINR gap" with the single-LED transmitter architecture. At VLC receiver, we consider four different diversity combining techniques: equal gain combining (EGC), selective best combining (SBC), maximal ratio combining (MRC), and optimal combining (OPC). Subsequently, using a rigorous VLC simulation platform, we evaluate SINR performance by capturing its cumulative distribution function (CDF) across the room that VLC transmitters are deployed. Our results show that with usage of angle diversity transmitter, performance gains due to use of OPC increases, while a larger field of view (FOV) and tilt angle between PDs becomes necessary at the receiver.
Additionally, we present a novel piezoelectric beam steering scheme to further improve the received signal strength at a mobile VLC receiver. In particular, the connected LED tracks the user location and changes beam direction at minor tilt angles with the help of piezoelectric actuators to provide higher signal power. Simulations results show that dynamic beam steering of LEDs on the order of 5
• can introduce extensive SINR gains, especially on regions with low SINR.
The rest of the paper is organized as follows. In Section II, VLC propagation channel model is explained and multi-element transceiver architectures are introduced. In Section III, multi-element combining schemes at the receiver are introduced. Piezoelectric beam steering method is explained in Section IV, and simulation results are presented in Section V. Finally, the last section concludes the paper.
SYSTEM MODEL
In this section, line-of-sight (LOS) and non-line-of-sight (NLOS) components of the channel is explained, and multielement transmitter and receiver structures are presented.
Channel Model
A light source S with a unit transmit power can be represented with three parameters as S = {rsrc, nsrc, n}, where rsrc is the location of the light source, nsrc is the direction of light source, and n is the LED mode, which characterizes the directivity of the LED. A receiver R can be modeled as R = {rrec, nrec, AR, θFOV}, where rrec ∈ R 3×1 is the location of the PD, nrec ∈ R 3×1 is the direction of the PD, AR is the area in m 2 , and θFOV is the FOV of the PD. The LOS component of the channel between source S and receiver R is given by [12] 
where φ is the angle between the source direction vector and the incidence vector, θ is the angle between the PD direction vector and incidence vector, R is the distance between the source and the receiver, and Π(·) is the rectangular function (1 for |x| ≤ 1 and 0 for |x| > 1). The NLOS component of the channel is obtained based on multiple bounce impulse response model [12] . As the light can reach the PD after several reflections, the channel impulse response due to the NLOS components can be written as
where d is the reflection order. Theoretically, h (d) (S, R) can be expressed as a recursive function [12] , given by
In (3), * is the convolution operation, r refl and n refl stands for the location and the direction of the reflector, respectively, dA is the infinitesimal area of the reflector, and ρ refl ∈ [0, 1) is the reflection coefficient. In addition, the FOV and the mode n of the reflector, such as the walls in the room, are set to π/2 and 1, respectively.
Multi-Element Transmitter Architectures
Two different transmitter architectures and deployment strategies are shown in Fig. 1 . For the first configuration, we assume that there is a single LED per transmitter, which is steered toward the floor. For the second configuration, there are 7 LEDs for each VLC transmitter, where one of the LEDs is steered towards the floor and the rest are tilted by an angle of α expressed in degrees. They are also separated from each other with 60
• azimuth angle. Throughout the paper, we assume that each LED serves to a different user, even though they are on the same transmitter. Therefore, there is only one LED from which the receiver receives the signal and we call it as the desired LED. All the other LEDs cause interference signals to the desired LED transmission. In [4] , we studied two more multi-LED structures but with no consideration of diversity combining at the receiver. In this paper, we focus on the gains attainable by this feature, and the results are generalizable to other multi-LED transmitters.
Multi-Element Receiver Architectures
In the first configuration, the receiver has only a single PD. For the second configuration, there are three PDs, each with a tilt angle β expressed in degrees from the normal of the receiver. In the third configuration, we consider a receiver structure with seven PDs. While the direction of one of the PDs is parallel to the direction of the receiver, a second layer of PDs are tilted with the angle β in degrees. We assume that the FOV βFOV and the surface area AR of PDs are identical.
COMBINING TECHNIQUES
In this section, different combining techniques, i.e., EGC, SBC, MRC, and OPC, are investigated for the aforementioned receiver and transmitter configurations and corresponding SINR calculations are discussed.
Single-Element Receiver
With a single PD, the receive diversity techniques cannot be implemented as the receiver observes only one copy of the transmitted signal. In this case, the SINR is calculated as:
where P is the received signal strength from the lth LED, d stands for desired LED, NL stands for the number of LEDs,
represents the interference signal power from interfering LEDs, N0 is the spectral density of the additive white Gaussian noise (AWGN), and B is the communication bandwidth.
Multi-Element Receiver
Multiple PDs can be used to improve the SINR over single LED scenario as:
where wp is the weight for pth PD, and the second part in the denominator represents the sum of all interference signal powers at all PDs from all LEDs excluding the desired LED. The weights for the different diversity combining techniques are given as follows:
• Equal Gain Combining: In EGC, all weights wp in (5) are identical (equal to 1), and the receive combining does not yield an extra benefit over single PD detector. In contrast, EGC can cause worse combining SINR performance. This is because the received signal may be heavily directional in certain cases, and therefore some of the PDs may have very low SINRs.
• Selective Best Combining: For the SBC, the SINR is calculated in a similar way as the single PD receiver case in (4). In particular, the PD giving the highest SINR is selected, and the signal from other PDs are not used. Therefore, the weight in (5) for the PD with best SINR is 1, while the rest of the weights are set to 0. The SBC yields a high SINR gain in comparison to single PD case and EGC. Since a single PD receives the light from a narrower angle, it receives less interference.
• Maximum Ratio Combining: In MRC, each PD is weighted proportionally with their SINR as:
• Optimal Combining: In OPC, the correlations between the signals observed at different PDs are exploited. When the dominant part of the channel is LOS (e.g., the single LED scenario in Fig. 1(b) ), OPC gives only marginal gains when compared with the MRC. On the other hand, with multi-element VLC scenario, since LEDs are directed towards different angles, reflected signals weights an important amount in total received signal power, and OPC may significantly outperform MRC. The weights of optimal combining can be calculated as wp = R −1 n u d , where
T is the desired received signal, Rn is the interference-plus-noise correlation matrix of the received signal, given by [13] 
where I is identity matrix, and u = [P 1, , P 2, , ..., P P, ] is the interference signal power from th LED.
PIEZOELECTRIC BEAM STEERING
VLC networks can provide highly accurate localization information [1] [2] [3] , and this location information can be used for beam steering to further enhance the communications performance. Beam steering is commonly used in free space optic (FSO) systems. Since FSO light beams are highly directional, an accurate steering is a necessity for these systems. In contrary, VLC light beams have relatively broader divergence angles, and diffusion property of lights are used for both illumination and communication purposes. However, by manipulating the orientation of the light source, a gain in the SINR is possible, especially when more directional LEDs (i.e., with higher LED mode) are used.
An inexpensive method for beam steering is using piezoelectric actuators in order to change the direction of LEDs. Piezoelectric actuators convert electrical energy to mechanical energy and allows precisely controllable physical size change. They are used to adjust lenses, mirrors, or other equipment [11] . In VLC case, piezoelectric actuators can be used to change direction of LEDs as in Fig. 2(a) .
In this paper, we consider that the LEDs will be steered to track the location of the receiver, which is assumed to be known by the transmitter. Since each LED serves a small area, the required steering angle is also small, which makes piezoelectric actuators a great fit for this task. When a user arrives at a location where further steering of an LED is not possible due to physical limitations of piezoelectric actuators, a handover may be considered either to another LED in the same AP, or to a different AP.
SIMULATION RESULTS
In this section, we investigate the SINR distribution with simulations for different transmitter and receiver configurations and deployment scenarios. A room with dimensions of 19.5 m × 10.4 m × 4 m is considered. The deployment scenarios of the VLC transmitters are illustrated in Fig. 1(b) and Fig. 1(c) . In order to achieve a fair comparison between different deployment scenarios, in total, there are 40 LEDs deployed in the single-LED transmitter scenario, and 42 LEDs deployed for the 7-LED transmitter scenario. Due to the geometrical constraints, we did not use the exactly same number of LEDs in these two scenarios. However, the impact of this difference is negligible in the final results.
The tilt angle α for the 7-LED transmitter is set to 45
• , which is chosen heuristically after a wide simulation campaign to give maximum overall SINR [5] . Other simulation parameters are given in Table 1 . By changing location of the receiver, the empirical CDF of SINR is obtained in the room. The height of the receiver is always set to 0.85 m, and the receiver is always assumed to be looking upwards. Up to four multipath reflections are considered in all simulations.
SINR CDFs For Different Configurations
In Fig. 3 , CDF of SINR for different receiver types and combining schemes are illustrated considering single LED transmitter configuration. Single-PD receiver yields an SINR between -5 dB and 55 dB, while 3-PD receiver yields an SINR between 35 dB and 65 dB except when EGC is used. For 7-PD case, MRC and OPC yields SINR between 35 dB and 75 dB, and outperform 3-PD receiver. In general, MRC performs better than SBC, and OPC performs slightly better than MRC. Since OPC uses the correlation information at reflections from walls, it provides better performance. However, since the dominant component of the signal is LOS for the single-LED transmitter configuration, there is no significant difference between MRC and OPC. Fig. 4 is similar to Fig. 3 , except that, 7-LED transmitter configuration in Fig. 1(c) is used. In this configuration, since the LEDs are closer to each other at multi-element transmitters, they are not placed evenly in the room, and they cause significant interference to each other. Therefore, these transmitters are disadvantaged in terms of SINR performance, which introduces an SINR gap with the single-LED configuration in Fig. 1(b) . However, as mentioned before, multi-element transmitters are still preferable due to low cost, and ease of installation and maintenance. In this scenario of Fig. 4 , OPC provides much higher gain than MRC. For example, in 7-PD receiver case, OPC gives 5 dB 50th percentile SINR gain over MRC and SBC. The reason for that is, LEDs are directed towards different angles as shown in Fig. 1(c) , and wall reflection plays more important role in the overall received signal. This makes OPC a much better option when angle diversity transmitters are used. We observe that MRC shows nearly same performance with SBC. This behavior can be explained by the fact that, due to the large tilt angle between PDs, they look at different directions and do not receive direct signals from the same LEDs. Therefore use of data from other PDs does not improve SINR in this case.
In general, we observe that while single element receiver yields -10 dB to 20 dB SINR in this configuration, 3-PD OPC receiver provides a 13 dB 50th percentile SINR gain, whereas 7-PD receiver provides a 17 dB 50th percentile SINR gain. Therefore, we can say that multi-element receivers significantly alleviate the low SINR problem of multi-element transmitters.
(a) 5% and 50% SINRs with different FOVs (Single-LED Tx).
(b) 5% and 50% SINRs vs different tilt angles (Single-LED Tx).
(c) 5% and 50% SINRs with different FOVs (7-LED Tx).
(d) 5% and 50% SINRs with different tilt angles (7-LED Tx). 
5% and 50% SINR Performance
In Fig. 5 , 5% and 50% SINR performances of different transmitter and receiver configuration pairs are illustrated. 5% SINR means the lowest 5% value among all SINR values in the room. While 5% SINR captures the worst-case SINRs, 50% gives the median of the SINR distribution. In all subfigures, a blue solid line stands for single-PD receiver, black dashed line for 3-PD receiver, and red dot-dashed line for 7-PD receiver. There are two lines for each; higher one always represents the 50% SINR, while the lower one represents the 5% SINR. Optimal combining is used for all scenarios at multi-element receivers, as it maximizes SINR in all cases.
In Fig. 5(a) and Fig. 5(b) , single-LED transmitter configuration shown in Fig. 1(b) is used. Fig. 5 (a) compares performances of receivers for different FOVs (βFOV) of the PDs. At single-PD receiver, to maximize 50% SINR, FOV between 18 to 28 degrees can be used. On the other hand, FOV below 24 degrees yields unacceptable 5% SINRs, and therefore using a FOV between 24 degrees to 28 degrees will simultaneously yield good 50% and 5% SINRs for single LED transmitter case. Likewise, to maximize 5% and 50% SINRs jointly, 18 to 23 degrees of FOV can be used for 3-PD receiver, and 24 to 26 degrees can be used for 7-PD receiver.
For a single-LED transmitter scenario, Fig. 5 (b) compares 5% and 50% SINR performances for different β, which is the tilt angle between LEDs and the normal of multi-element receiver. In this figure, the performance of single element receiver is constant since it does not have a tilt angle. When the tilt angle of multi-element receivers is set to zero, all the PDs will look at the same direction. Therefore there is no significant gain with respect to single-PD receiver. There is only a limited gain because of increasing receiver surface area. While 6 to 15 degrees are best for 7-PD receiver, 5 to 10 degrees are optimal for 3-PD receiver. Fig. 1(c) . In single LED case, light was always vertically transmitted from the ceiling, and there was an AP at each 1.5 meters. This makes a narrow FOV and small tilt angle the best option, since it receives the most signal from the desired LED, and does not receive much interference from the neighboring LEDs. However, in 7 LED transmitter case, it is a small probability for the receiver to be right under the AP, since the APs are sparsely placed. Because of the tilt of LEDs, the light comes with different angles in most regions. Therefore, in order to capture sufficient light intensity, optimal FOV and tilt angle are much larger than the previous case. Fig. 2(b) .
In order for the 7-PD receiver to give good SINR in the 7-LED transmitter scenario, FOV should be 35 to 48 degrees. On the other hand, for the 3-PD receiver, 35 to 58 degrees are good. For single-PD receiver, 50 to 60 degrees give the best SINR. As seen in Fig. 5(d) , for the 7-LED transmitter scenario, LED tilt around 30 degrees provides peak SINRs for both multi-element receivers.
Effect of Beam Steering on SINR
In Fig. 6 , SINR distribution on the path illustrated in Fig. 2(b) is shown. Due to limited space, only single-LED transmitter and single-PD receiver configuration is presented. We made different simulations based on assumed steering ability of the LEDs. In Fig. 6 , the locations with high SINR corresponds to regions beneath LEDs where no steering is required. In low SINR regions, which corresponds to cell edges, gain caused by beam steering is more visible. Without steering, the SINR drops to -5 dB levels. When maximum 5 degree steering is applied, the SINR is always higher than -1 dB, which means a 4 dB gain. When the steering limit is increased to 10 degree, SINR gain is 7 dB at lowest SINR region. When more steering is applied, there is diminishing returns in SINR gains. In Fig. 7 , the CDF of SINR throughout the room in Fig. 1(b) is illustrated. Likewise, the SINR is improved in all low and medium SINR regions.
The most important advantage of beam steering in VLC is that, it improves link quality especially in low SINR regions and cell edges. With beam steering, SINR level difference between low and high SINR regions is less, which is important for seamless communication. It is also important to have a good SINR at cell edges, since it will help for a softer handover between VLC APs. A disadvantage of beam steering is the cost of piezoelectric actuators and driving circuit, which will increase with higher steering ability. Evaluating trade off between cost and merits is left as a future study.
CONCLUSION
In this paper, SINR performances of multi-element VLC transmitters and receivers are jointly investigated, with different diversity combining techniques at multi-element receivers. As expected, OPC is the best receiver in all scenarios, while it provides higher gains over single PD scenario when multi-element transmitters are used. With the use of multi-element transmitters, optimal value of FOV and tilt angle increases at the receiver. Effect of VLC beam steering on SINR is also studied, which is shown to provide up to 12 dB SINR gain in the low SINR region. Our future work includes assigning LEDs to users optimally in multi user scenarios.
